Study design Post hoc analysis of prospectively collected data. Objectives Assess the influence of surgical timing on neurological recovery using classification tree analysis in patients sustaining cervical traumatic spinal cord injury. Setting Hôpital du Sacré-Coeur de Montreal Methods 42 patients sustaining cervical SCI were followed for at least 6 months post injury. Neurological status was assessed from the American Spinal Injury Association impairment scale (AIS) and neurological level of injury (NLI) at admission and at follow-up. Age, surgical timing, AIS grade at admission and energy of injury were the four input parameters. Neurological recovery was quantified by the occurrence of improvement by at least one AIS grade, at least 2 AIS grades and at least 2 NLI. Results Proportion of patients that improved at least one ASIA grade was higher in the group that received early surgery (75 vs. 41 %). The proportion of patients that improved two AIS grades was also higher in the group that received early surgery (67 vs. 38 %). Finally, 30 % of the patients that received early decompression improved two NLI as compared with 0% in the other group. Early surgery was also associated with a non-statistically significant improvement in functional recovery. Conclusions Neurological recovery of patients sustaining cervical traumatic spinal cord injury can be improved by early decompression surgery performed within 19 h post trauma.
Introduction
Following traumatic spinal cord injuries (TSCI), motor, and sensory functions can be severely impaired, leading to a loss of autonomy and a poor quality of life. The incidence of TSCI ranges from 10 to 80 cases per million inhabitants depending on the country, whereas the prevalence varies from 250 to 950 cases per millions [1] .
Surgical intervention is generally required following TSCI, in order to stabilize the spine, relieve the mechanical pressure to the spinal cord, and potentially minimize the cascade of secondary lesions to the spinal cord.
Following TSCI, neurological recovery is one of the main concerns for patients as it is directly related to their independence, quality of life, and productivity [2] . Number of demographical and clinical parameters influence neurological recovery, such as the injury severity, age, occurrence of medical complications, injury mechanism, and energy [3, 4] . Among those parameters, surgical delay, defined as the time interval between the trauma and surgical intervention, has a significant role in the long-term functional and neurological recovery [5] . Indeed, shorter surgical delays were showed to lead to better outcomes, less complications, and decreased resource utilization but the level of evidence regarding those observations is considered as 'low' according to the recently published AOSpine guidelines [6] . The definition of early surgery is still debatable as values ranging from 8 to 72 h can be found in the literature [6, 7] . It also must be noted that the definitions of early surgery found in the literature are arbitrary and no attempt was made to define an optimized surgical timing, leading to better neurological outcome. Patients sustaining acute tetraplegia may particularly benefit from early surgery, especially in terms of improved neurological recovery as recently shown by Bourassa-Moreau et al. [8] and Fehlings et al. [5] .
The surgical delay is highly variable as it is influenced by several factors such as the duration of the transfer from the trauma location to the acute care center, operating room availability, comorbidities, and surgeon availability [9] . Although the impact of surgical timing on several outcomes is being highly studied as it is one of the only modifiable parameters during the acute care period after TSCI [9] , the optimal surgical timing associated to the greatest recovery is still unknown. Previous works have arbitrary defined early decompression as a surgical intervention performed within 24 h post trauma, although a 72 h cutoff has also been used [6] . The concept of ultra-early decompression, defined as a surgical intervention performed within 8 h post injury, was also recently introduced by Burke et al. [7] as a way to improve the recovery following TSCI. Currently, threshold values to define early surgery remain empirical and arbitrary, as previous authors have never attempted to determine threshold values based on objective analysis.
The main objective of this study is to assess the influence of surgical timing of the neurological recovery following TSCI in patients sustaining motor-complete cervical TSCI and to determine a specific surgical delay leading to better neurological recovery using classification tree analysis. This statistical method was used for the first time to assess the influence of surgical timing on the neurological recovery following TSCI. Classification tree analysis repeatedly partitions a data set into two subgroups based on an objective splitting criterion (predictor most related to the outcome) until further partitioning no longer adds value to the prediction. Therefore, our study relies on the objective identification of a splitting criterion at each level of a classification tree for maximizing the discrepancy between the generated subgroups, in order to identify the optimal timing of surgery associated with highest likelihood of neurological recovery.
Methods

Participants
This study was based on a prospective cohort of 42 patients who sustained a motor-complete, cervical TSCI between January 2010 and June 2016. All patients were enrolled on a voluntary basis and signed the informed consent during the acute hospitalization at a single Level I trauma center specialized in TSCI. Patients were included if they sustained a TSCI between C1 and T1 levels with an initial American Spinal Injury Association Impairment Scale (AIS) grade at admission of A or B and were followed for a minimum of Fig. 1 Flow chart of patients excluded from the study 6 months after the trauma. Figure 1 shows the flow chart of patients excluded from the study. This study was approved by the Institutional Review Board. All applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research.
Variables
Outcome variables
The International Standards for Neurological Classification of Spinal Cord Injury were used to assess the severity of injury in the form of AIS grades at 6 months follow-up minimum for every patient [10] . The third version of the Spinal Cord Independence Measure was used to quantify the functional outcome at 6-month follow-up. Improvement by at least one AIS grade was considered as the primary endpoint to assess neurological recovery. An improvement by at least two AIS grade [11] and by at least two neurological levels of injury (NLI) improvement were considered as secondary outcomes.
Predictor variables
Parameters influencing the neurological recovery consisted in a reduced number of four independent variables recognized as potential predictors of recovery following TSCI [3, 4] . Age was considered as a continuous variable. Timing of surgery was defined as the interval of time between the trauma and beginning of surgery and was also considered as a continuous variable. The energy of the trauma was considered as low (trivial trauma, fall from standing or walking, assault, etc) or high (motor-vehicle/motorcycle accident, pedestrian hit by vehicle, fall from more than 10 ft, etc.). Finally, the initial AIS grade was used to assess the severity of injury for every patient at admission.
Statistical analysis
Statistical analyses were performed using the classification and regression tree (CART) analysis engine of the Salford Predictive Modeler software (Version 8, Salford Systems, San Diego, CA, USA). The classification trees were constructed using the Gini splitting rule. A stopping rule was used to prevent the algorithm from creating subgroups of five patients or less. Overfitting was monitored by choosing the tree exhibiting the minimum relative cost value computed by the software. Trees were then pruned to prevent splitting rules based on the surgical timing from appearing more than once.
The relative importance of each predictor was computed for the three dependent variables (one AIS grade improvement; two or more AIS grade improvement; two or more NLI improvement). Variable importance reflects the relative influence of each predictor on the endpoint. The most important predictor during tree construction was assigned with a score of 100 and the other predictors were scaled down proportionally to their importance. The classification and regression tree analysis engine of the Salford Predictive Modeler software identifies surrogate splitter, as close approximations of the primary splitters appearing in the trees [12] . Surrogates splitter are used by the algorithm to handle eventual missing data and are taken into account when computing the variable importance.
Continuous data were reported as median and interquartile range (IQR), whereas categorical data were reported as percentages. χ 2 -square tests were used to assess whether the proportion of patients who improved neurologically was statistically different from the proportion of patients who did not improve as determined following the split based on the surgical timing. Mann-Whitney U-tests were used to compare mean SCIM and ASIA motor score of subgroups separated by the surgical timing split. The significance level was set at p < 0.05. Table 1 presents the distribution of the four independent variables (input parameters) and three endpoints across the population considered in this study. One or more AIS grade improvement was observed in 57% of patients, whereas 40% of patients improved by 2 AIS grades or more. Neurological level of injury improved by at least two levels in 17% of patients at follow-up. The median age (IQR) at admission was 43 (30-60) years old and the median surgical timing was 19 h (13-28h). High velocity traumas occurred in 30% of the cases. AIS grade at admission was A in 71% of the cases and B in the remaining 29%. The most frequent surgical delay ranges from 15 to 20 h in our cohort, as shown in Fig. 1 . Figure 2 shows the distribution of the surgical timing across the population enrolled in the study. The most frequent timing observed ranges between 15 and 20 h. Figure 3 presents the classification tree obtained considering one AIS grade improvement as the dependent variable. 57% of the complete data set showed improvement of at least one AIS grade. This group was splitted based on the surgical delay with a cutoff value of 19 h. 75% of the patients that had surgery within 18.9 h post trauma improved by at least one AIS grade, forming the first terminal node. On the other hand, only 41 % of the patients that had surgery later than 18.9 h post trauma improved by at least one AIS grade. This group was then divided based on the AIS grade at admission, where 67% of AIS B patients improved at least one AIS grade, as compared with 23% of AIS A patients. The surgical timing split the complete data set into two groups showing significantly different proportions of patient that improved at least one AIS grade according to χ2-test (p = 0.026).
Results
The surgical delay was found to be the parameter influencing the most the probability of AIS grade improvement, followed in order of importance by the initial AIS grade, energy of injury and age (as showed as the "importance of variable" box below). Figure 4 shows the classification tree obtained considering a neurological improvement of at least 2 AIS grades as the dependant variable. 40 % of the complete data set of 42 patients improved 2 AIS grades or more. This group was divided based on the energy associated with the injury. Patients sustaining a high energy injury formed a terminal node in which 14 % of them improved 2 AIS grades of more. A total of 54 % of the patients sustaining a low energy injury improved 2 AIS grades or more. The group of patients associated with low energy injury was then split based on the surgical timing, where 67 % of patients who had surgery within 18 h post trauma improved by at least two AIS grades. This proportion dropped to 38% for surgical timings longer than 18 h. The subgroups created following the split based on the surgical timing were significantly different (p = 0.038). Energy of injury was the most important variable followed by surgical timing and age. The AIS grade at admission had no influence on whether patients improved by 2 AIS grades or more. Figure 5 shows the influence of the surgical timing on the improvement of at least two NLI. A total of 17 % of the complete data set showed improvement of two NLI at follow-up. A total of 30% of patients that had surgery within 20 h post trauma gained at least two NLI, whereas none that had surgery later than 20 h post trauma improved by at least two NLI. The two subgroups created following the split were significantly different (p = 0.016). Surgical Fig. 3 Classification tree describing the influence of the 4 parameters under study on the one AIS grade neurological improvement timing was the most important parameter in this tree. The other parameters had almost no influence on the proportion of patients gaining two NLI or more. 
Discussion
This study proposes the use of classification tree algorithms to assess the effect of surgical timing on neurological recovery and to justify a threshold value defining the concept of early surgical intervention frequently described in the literature. This study is the first to determine specifically a surgical timing leading to better outcomes for a particular subgroup of patients
The delay prior to surgery influenced significantly neurological recovery in terms of AIS grade and NLI improvement. According to the results obtained in this study, a surgical intervention within 19 h post trauma improves the likelihood of neurological recovery for patients sustaining complete motor TSCI at the cervical level. A cutoff value approximating 19 h was observed for all three outcomes, confirming the relevance of this observation. Our 19-hour surgical delay is in good agreement [5] , where tetraplegic patients operated on average 14 h post SCI improved of at least 2 AIS grades in a greater proportion than who had later surgery. The value of 19 h is also clinically relevant as it is a realistic target for health care workers considering all the factors contributing to a longer delay prior to surgery [9] .
Decompression surgery performed within 19 h post injury increased the mean SCIM score by seven points, which can be considered as an average meaningful improvement according to the study published by Scivoletto et al. [16] . Mean ASIA motor score increased by 3.7 points which can be described as a very small improvement according to Scivoletto et al. [17] . Both improvements were not statistically significant according to the Mann-Whitney U-tests.
The results indicate that the influence of surgical timing may be more important for neurological recovery than for functional recovery. This is in accordance with the literature since early surgery is consistently associated with improved neurological outcome [5, 8] , while the association between early surgery and improved function is more limited. More specifically, Grassner at al. [18] , found that early surgery was associated with better functional outcome whereas other studies showed that surgical timing had no significant influence on functional recovery [3, 4] .
The pathophysiology of human TSCI is poorly understood. However, several animal studies showed that shorter compression duration can lead to better neurological recovery. In a meta-analysis, El Tecle et al. [19] found that all pre-clinical studies published after 1 January 2000 were all in favor of early decompression, but those studies were heterogeneous regarding the definition of early surgery. The same observation was made by Batchelor et al. [20] . Various pre-clinical studies also showed that increasing compression durations are associated with more severe tissue destruction and sometime declining behavioural measure [21] [22] [23] . More specifically, Shields et al. [24] found that the lesion volume increased significantly with the increasing compression duration from 12 to 24 h in a rodent spinal cord injury model subjected to spinal cord contusion immediately followed by 43 % spinal canal stenosis. This observation is directly in line with the results presented in our study suggesting that a major degradation might occur for spinal cord compression duration ranging from 12 to 24 h.
The optimal surgical timing varied slightly from 18 to 20 h post injury depending on the outcome measure considered. This observation shows that the optimal surgical timing depends on the outcome considered which might explain the large spread of early surgical timing values found in the literature [19, 25] . The optimal surgical timing must therefore be defined considering the severity of the SCI (complete or incomplete SCI), the neurological outcome considered, as well as the neurological level of injury.
The analysis presented in this communication considered age, AIS grade at admission, energy of the trauma and surgical timing as parameters potentially influencing the neurological recovery. A recent systematic review identifying factors associated to neurological outcome, Yousefifard et al. (2017) [26] reported that many clinical, neurological, and demographic characteristics can be used to assess the potential of recovery. Among the most common, younger age, less severe AIS grades at admission as well as lower velocity of trauma are considered by several studies among the most important factors influencing the neurological recovery following TSCI. In our study, the surgical timing was found to be one of the most important parameter affecting the three outcome measures, showing that the neurological recovery can be strongly influenced by one of the only modifiable parameters in the acute treatment of TSCI.
It is worth noting that the proportion of patients who improved by one or at least two AIS grades, respectively, 57% and 40%, might seem high as compared with previously published data [5, 27, 28] Several hypotheses can be raised to explain this result. Patients with sensory incomplete tetraplegia (AIS B) have a better prognosis for neurological recovery [18] . Although the majority of our cohort had a complete AIS A and that this factor did not come out as a predictor in the CART analyses, it cannot be ruled out. Kirshblum SC et al. (1998) [29] also reported that most patients who had an AIS A injury, as assessed within 72 h of trauma, and who improved by more than one AIS grade also sustained head injuries involving cognitive impairments, and were thus incorrectly diagnosed as AIS A. This could also have occurred in the present study, where the initial AIS grade considered were mainly obtained within 72 h post SCI [29] , which could have lead to an overestimation of the severity of the injury.
Study limitations and recommendations
As shown in Fig. 1 , most patients had surgery between 15 and 20 h after the TSCI, with a median of 19 h. However, the cohort under study still exhibited a large spread of surgical timing ranging from 8 to 250 h post trauma, which could have allowed identification of an optimal timing of surgery outside the 15-20 h range. This study was performed on a limited number of patients, and further study with a larger sample should be done to reinforce our conclusion. However, our sample size was sufficient to reach our objectives and observe the significant influence of the timing of surgery on our endpoints.
The results presented in this post hoc analysis of prospectively collected data suggest that decompression surgery performed within 19 h post trauma could help optimizing the neurological recovery following TSCI. However, this association may be related to biases in the cohort rather than a direct causative relationship. In order to confirm this observation, prospective studies involving a larger cohort should be performed with all possible predictors and confounders identified through directed acyclic graphs as suggested by Shrier and Platt [30] .
Finally, including neurological levels from C1 to T1 might lead to a ceiling effect when considering improvements of two neurological levels or more, as it is difficult to assess motor improvement at levels below T1.
Conclusion
Surgical timing following TSCI has been thoroughly studied as it is related to a main treatment strategy (spine surgery) during the acute care of TSCI, and represents one of the infrequent modifiable parameters of the acute care hospitalization. The use of classification tree analysis was proposed to assess the influence of surgical timing on the neurological recovery in patients sustaining cervical motorcomplete TSCI and to justify an optimal surgical timing leading to better neurological outcome. A surgical intervention performed within 19 h post injury was associated with significant improvement in neurological recovery. This study is the first to define a surgical timing value optimized for a specific subgroup of patients. The methodology described in this communication could be applied to a larger cohort involving patients with different severity and levels of TSCI.
